SUMMARY To test the hypothesis that the ventricular septum moves during systole toward the center of ventricular mass (so that the end-diastolic position of the septum within the heart should determine both the direction and the magnitude of septal motion during systole), echocardiograms from patients with several different hemodynamic burdens were analyzed. A linear relation was noted between the end-diastolic intracardiac position of the ventricular septum and the direction and magnitude of systolic septal motion in I) forty three patients with an atrial septal defect (regression coefficient r = 0.80), RECENT STUDIES using echocardiography have indicated that the ventricular septum normally moves away from the sternum and toward the posterior left ventricular free wall during systole.' Deviations from this pattern have been described in conditions such as left bundle branch block,4-5 Wolff-Parkinson-White syndrome,7 asymmetric septal hypertrophy,8'" congestive cardiomyopathy,3""0 coronary artery disease,15'0 and following aortic or mitral valve replacement.1' Abnormal septal motion also occurs commonly in patients with an atrial septal defect'2"2-or some other cause of right ventricular volume overload.'2-"2 1, 8, 20 In these patients the ventricular septum moves anteriorly, toward the sternum, during systole. This pattern of motion has been termed "paradoxic," and has been described as one of the characteristic echocardiographic features of right ventricular volume overload. 1-3,12 141 However, right ventricular volume overload cannot be the sole determinant of paradoxic systolic septal motion, since: 1) septal motion is clearly normal in some patients in whom the right ventricle bears a large diastolic volume overload'2-15,18,21,22 and 2) paradoxic septal motion has been described in some normal subjects. '9'22 To explain these apparently discordant observations, we examined the hypothesis that the heart contracts symmetrically toward its center of mass, so that the position of the ventricular septum within the heart at end-diastole determines both the direction and the magnitude of septal motion during systole. This hypothesis is based on several assumptions: 1) that the ventricular myocardium is activated normally and contracts during ventricular systole in a symmetric, sequential fashion,24 2) that the ventricular muscle and ventricular blood pool have essentially uniform mass, and 3) that motion of the mid-septum (which lies exactly halfway between right and left septal surfaces) most accurately reflects motion of the septum as a whole.
RECENT STUDIES using echocardiography have indicated that the ventricular septum normally moves away from the sternum and toward the posterior left ventricular free wall during systole.' Deviations from this pattern have been described in conditions such as left bundle branch block,4-5 Wolff-Parkinson-White syndrome,7 asymmetric septal hypertrophy,8'" congestive cardiomyopathy,3""0 coronary artery disease,15'0 and following aortic or mitral valve replacement. 1' Abnormal septal motion also occurs commonly in patients with an atrial septal defect'2"2-or some other cause of right ventricular volume overload.'2-"2 1, 8, 20 In these patients the ventricular septum moves anteriorly, toward the sternum, during systole. This pattern of motion has been termed "paradoxic," and has been described as one of the characteristic echocardiographic features of right ventricular volume overload. [1] [2] [3] 12 141 However, right ventricular volume overload cannot be the sole determinant of paradoxic systolic septal motion, since: 1) septal motion is clearly normal in some patients in whom the right ventricle bears a large diastolic volume overload'2-15,18,21,22 and 2) paradoxic septal motion has been described in some normal subjects. '9'22 To explain these apparently discordant observations, we examined the hypothesis that the heart contracts symmetrically toward its center of mass, so that the position of the ventricular septum within the heart at end-diastole determines both the direction and the magnitude of septal motion during systole. This hypothesis is based on several assumptions: 1) that the ventricular myocardium is activated normally and contracts during ventricular systole in a symmetric, sequential fashion,24 2) that the ventricular muscle and ventricular blood pool have essentially uniform mass, and 3) that motion of the mid-septum (which lies exactly halfway between right and left septal surfaces) most accurately reflects motion of the septum as a whole.
Based upon these assumptions, we postulated that the total ventricular mass (including both ventricular muscle 2) fourteen patients with other causes of right ventricular volume overload (r = 0.82), 3) nineteen patients with left ventricular volume overload (r = 0.74), 4) ten patients with right ventricular pressure overload (r = 0.93), 5) ten patients with left ventricular pressure overload (r = 0.80), 6) twenty-eight normal subjects (r = 0.82). We conclude that, in the presence of normal ventricular activation and contraction, the direction and magnitude of septal motion during systole is determined by the intracardiac position of the septum at enddiastole.
and intraventricular blood) would move symmetrically during systole toward its center of mass. This hypothesis is represented diagrammatically in figure 1 , in which the septum is actually depicted as a line drawn along the midseptum. Normally ( fig. IA) , the left ventricle is ellipsoidal in cross-section'" '2-27 and of greater anteroposterior diameter than the crescent-shaped right ventricle. Hence, the septum occupies a relatively anterior position within the overall ventricular volume at end-diastole. Since the densities of myocardium and blood are similar, the septum also occupies a relatively anterior position within the overall ventricular mass. According to our hypothesis, under normal conditions the mid-septum would be expected to move during systole in a posterior direction, as denoted by the arrow. However, right ventricular dilatation ( fig. 1B) , would displace the septum to a relatively posterior position within the ventricular mass at end-diastole. In the illustration, the mid-septum lies slightly closer to the left ventricular epicardium than to the right ventricular epicardium. Since this position would lie posterior to the center of ventricular mass, our hypothesis would predict anterior motion during systole. Moreover, the farther the mid-septum is from the center of ventricular mass at end-diastole, the more exaggerated its motion should be during systole. Thus, if the previously stated hypothesis is correct, the position of the septum at enddiastole should determine the direction and magnitude of systolic septal motion.
To Recordings were analyzed quantitatively only in those portions in which recognizable echoes from the right ventricular epicardium, right and left septal surfaces, and endocardial and epicardial surfaces of the left ventricular posterior wall could be identified simultaneously at both end diastole and end systole at the level of the mitral valve tip. Clear visualization of all of these structures was greatly facilitated by use of the previously mentioned strip chart recorder and switched gain circuit.
The junction at end diastole between nonmoving echoes from the inner chest wall and moving echoes from the right ventricular epicardium was identified by adjusting damping. Because the right ventricular epicardium was often difficult to visualize clearly during systole, its junction with the chest wall at end diastole was used as a fixed reference line, hereafter referred to as the right ventricular epicardium, throughout the cardiac cycle. Measurements were made as defined in table 1 and as diagrammatically depicted in figure 2. In the line diagram demonstrating these measurements ( fig. 2 ), the distance (RV-S)D is about one-third of TCDD, and hence the septal position ratio is 0.33. A larger ratio would denote posterior displacement of the septum relative to the total cardiac diameter. The amount of septal motion, measured according to the formula, is -4.3% of the total cardiac diameter; the negative sign denotes that septal motion is posterior (normal) in this example.
Statistics
The relations between systolic septal motion and variables such as septal position ratio, right ventricular diastolic diameter index, pulmonary-to-systemic flow ratio, and right = the distance from right ventricular epicardium to left ventricular epicardium; measured at end-diastole. This represents the maximum diastolic cardiac diameter.
= the distance from right ventricular epicardium to mid-septum, divided by total cardiac diameter to normalize for heart size; measured at end-diastole.
= the distance from right ventricular epicardium to mid-septum at end-diastole, minus the distance between these points at the time of maximal systolic septal displacement, divided by total cardiac diameter. This fraction is then multiplied by one hundred to express septal motion as a percentage of total cardiac diameter; a negative sign indicates normal motion, while a positive sign denotes paradoxic motion.
= the distance from the right septal surface to a point 0. septal motion could again be explained by the relative location of the septum within the diastolic cardiac diameter, since there was a strong correlation between septal position ratio and septal motion (r= 0.82, fig. 9 ). The present study defines a mechanism that consistently explains these seemingly discordant observations. In each patient with an atrial septal defect, regardless of whether septal motion was paradoxic or normal, we found that both the direction and the magnitude of systolic septal motion was predicted by the end-diastolic septal position ratio. Furthermore, since a highly significant relation between the septal position ratio and septal motion was found in patients with right ventricular volume overload but intact atrial septum, in those with left ventricular volume overload, in those with pressure (but not volume) overload of either right or left ventricle, and in normal subjects, this relation does not appear to be peculiar to a specific anatomic or hemodynamic abnormality. Indeed, when all 124 subjects in the present study are considered together, a striking relation between end-diastolic septal position ratio and systolic septal motion (r = 0.90, fig. 10 ) is apparent.
The relation between end-diastolic septal position ratio and systolic septal motion thus seems to apply to a variety of hemodynamic abnormalities, and helps to explain the echocardiographic patterns of septal motion recorded from normal subjects as well as those with volume or pressure overloads of the right or left ventricle. The observation that the mid-septum moves posteriorly (normal) during systole when it occupies an anterior end-diastolic position, but moves anteriorly (paradoxic) during systole when it occupies a posterior end-diastolic position, is compatible with the hypothesis that geometric factors influence the direction of septal movement and that the mid-point of the septum moves during systole toward the center of ventricular mass.
Since the septal position ratio reflects the relative location of the septum within the heart, the association of paradoxic ventricular septal motion with septal position ratio > 0.40 (denoting relative posterior displacement of the septum) indicates that the presence of paradoxic septal motion depends on two conditions: 1) the right ventricle must be dilated significantly, and 2) coexistent left ventricular dilatation must be either mild or not present. Under normal conditions, the first requirement is not met, and thus the septum moves posteriorly during systole ( fig. 1, panel A) . In the presence of isolated right ventricular dilatation ( fig. 1, panel  B) , the septum is displaced to a relatively posterior position at end-diastole, and hence it moves paradoxically (in an anterior direction) during systole. However, coexistent dilatation of both right and left ventricles ( fig. 1, panel C) tends to preserve the relatively anterior end-diastolic position of the septum, and hence the septum moves posteriorly during systole despite the presence of right ventricular dilatation. Indeed, in four patients with an atrial septal defect, in 17 patients with other forms of heart disease, and in one subject without evidence of heart disease, normal septal motion appeared to be preserved in spite of significant right ventricular dilatation by precisely this mechanism. Finally, in the presence of isolated left ventricular dilatation ( fig. 1, panel D) , the septum is displaced to a relatively more anterior end-diastolic position than normal; thus while the direction of motion is unaffected, the amplitude of systolic motion is increased, as others have also noted. 3"6 That the presence of paradoxic septal motion depends upon relative posterior displacement of the septum within the heart also helps clarify the heretofore confusing observation that paradoxic motion can occur in the apparent absence of right ventricular volume overload. Several other aspects of the current study deserve emphasis. First, septal motion as measured in the current study refers to motion of the mid-septum (consisting of points mid-way between right and left septal surfaces), while previous descriptions of ventricular septal motion have referred to the pattern of motion of the left septal surface. Since the septum does thicken during systole, flat motion of the mid-septum is accompanied by a slight degree of posterior movement of the left septal surface, while paradoxic motion of the mid-septum is accompanied by flattened movement of the left septal surface. Thus septal motion as defined in the present study differs from septal motion as described by previous workers.'-23 Nonetheless, it would appear reasonable to assume that motion of the midseptum reflects motion of the septum as a whole more accurately than does motion of the left septal surface. Second, the hypothesis under investigation was based on the assumption of normal symmetric, sequential ventricular activation and contraction.24 Thus patients with abnormal ventricular activation (such as occurs secondary to left bundle branch block or the WPW syndrome), those with abnormal ventricular contraction patterns (such as may occur secondary to dilated cardiomyopathy, asymmetric septal hypertrophy, or coronary artery disease), and those with impaired left ventricular contractile function (reflected by an obviously reduced left ventricular ejection fraction), were specifically excluded from this analysis. It seems quite likely that in such patients the correlation between septal position and septal motion described in this study might be altered. (The presence of right bundle branch block has been shown not to alter ventricular septal motion;12 hence, patients with right bundle branch block were not excluded from the present analysis.) Finally, measurements of chamber diameter, septal position, and septal motion were made at the precise level of the tip of the mitral valve. This landmark was chosen specifically because we believe it is necessary to standardize the exact level of the septum under scrutiny in order to make valid comparisons between one heart and another. Our results are in no way incompatible with the observations of others',3',"9 that the pattern of septal motion varies depending on where along the ventricular long axis the echo beam traverses the septum, in that anterior systolic septal motion tends to be more marked at the left ventricular outflow tract and less marked toward the cardiac apex.
Although not specifically designed to compare the prevalence of paradoxic septal motion in patients with right ventricular volume as opposed to pressure overload, the present study indicates that paradoxic motion occurs more commonly in response to volume loads, as others have reported.2"6 Such a finding is not surprising, because an increased volume load tends to cause chamber dilatation, while an increased pressure load leads primarily to an increase in wall thickness.28'3' Since an increased right ventricular pressure load less commonly causes dilatation, it would be expected to cause posterior displacement of the septum, and hence paradoxic septal motion, less commonly than does an increased right ventricular volume load.
Our results also demonstrate that paradoxic septal motion appears to have a distinctive pattern when it occurs in the presence of fixed pulmonary vascular obstruction ( fig. 7) . In each of the four patients who demonstrated paradoxic septal motion in the presence of primary pulmonary hypertension, the septum achieved its maximum anterior position in earlyto-mid systole, and then tended to move gradually posteriorly during the remainder of systole. In addition, both patients with atrial septal defect and Eisenmenger reaction (pulmonary artery systolic pressures 131 mm Hg and 90 mm Hg; Qp:Qs = 0.9:1 and 0.7:1, respectively) also demonstrated this rapid early systolic anterior septal motion. This pattern was not noted in any patient with paradoxic motion occurring in the presence of normal pulmonary arterial pressure. Furthermore, those patients with elevated pulmonary arterial pressure secondary to mitral valve disease who developed right ventricular dilatation and paradoxic septal motion demonstrated gradual anterior motion of the septum throughout systole. In these patients with reversible pulmonary hypertension, the pattern of paradoxic motion was indistinguishable from that in patients with right ventricular volume overload. Thus, it appears that the rapid early systolic anterior pattern of paradoxic septal motion may be specific for fixed pulmonary vascular occlusive disease. However, the patients who demonstrated this distinctive pattern of paradoxic motion also had the largest septal position ratios. Hence it is possible that this pattern merely reflects extreme posterior displacement of the septum, and is not etiologically specific.
In summary, the present investigation indicates that both the direction and magnitude of ventricular septal motion during systole are determined by the intracardiac position of the septum at end-diastole. This relation suggests that the midpoint of the septum moves during systole toward the center of ventricular mass. The relation between the septal position ratio and septal motion appears to be valid regardless of whether the stimulus to dilatation is volume or pressure overload. Furthermore, the magnitude of ventricular volume or pressure overload influences the nature of septal motion only insofar as it causes ventricular dilatation. Thus the echocardiographic demonstration of paradoxic anterior systolic septal motion is not a diagnostic marker for right ventricular volume overload, but merely reflects relative right ventricular dilatation of any cause.
Such valves were evaluated in a test chamber at varied flow rates resulting in improved understanding of movements seen with the echocardiogram in vivo. The technique for recording the valvular stent and leaflets is described and a method for measuring several CLINICAL AND HEMODYNAMIC IMPROVEMENT has been demonstrated in most patients during the first few postoperative years after mitral valve replacement with the stent-mounted, glutaraldehyde-preserved porcine aortic parameters is demonstrated. Initial diastolic slope averaged 2.4 ± 0.5 cm/sec (range 1.9 to 3.3 cm/sec). Left ventricular outflow tract measured from the anterior portion of the stent to the interventricular septum averaged 1.5 ± 0.5 cm at end-diastole and 1.3 ± 0.6 cm at end-systole. Leaflet excursion averaged 1.5 ± 0.3 cm (with a range from 1.0 to 2.1 cm). The 
